We examined the relationship between estrogen and pain in women undergoing in vitro fertilization (IVF). Quantitative sensory tests (QST) were performed twice during the IVF-regimen: once during hormonal down-regulation and once during hormonal upregulation. A group of healthy men and a group of women using monophasic contraceptives were also examined, to control for session-to-session effects. Among the women undergoing IVF, serum 17β-estradiol levels differed strongly between treatments as expected, and increased from 65.7 (SD = 26) pmol/l during the downregulation phase, to 5188 (SD = 2524) pmol/l during the up-regulation phase.
Introduction
In addition to their major influence on development and reproductive functions, gonadal steroid hormones have been reported to have significant effects on pain perception and modulation in animals as well as humans. 9 Some effects are well established, such as the opioid-dependent increase in pain threshold during pregnancy, 8, 33 whereas others, such as those reported to occur with the hormonal changes seen during normal menstrual cycling, are less uniform and seem to vary considerably with the experimental set-up. 7, 12, 27, 45 Hence, lowered 19, 20 as well as increased 5, 41 pain thresholds have been observed during phases with low gonadal hormone levels. A general weakness of many studies on changed pain sensitivity across the menstrual cycle has been the lack of reliable methods to determine cycle phase, as pointed out by Sherman and LeResche. 36 However, even studies verifying cyclicity by repeated hormonal measurements remain contradictory, 13, 24, 25, 34, 39 suggesting that the differences in outcome may either be related to a much too blunt test protocol examining a limited amount of modalities or that the possible changes induced by the normal fluctuations in hormone levels are too small to measure reliably. In an attempt to overcome these limitations in the present study, we have used a comprehensive quantitative sensory testing (QST) protocol to examine pain thresholds and pain tolerance during the highly dichotomous levels of estradiol seen in women undergoing in vitro fertilization (IVF).
When IVF is initiated, gonadotropin-releasing hormone (GnRH)-analogues are used to prevent spontaneous ovulation. This treatment induces, by impairing pituitary stimulation of the ovaries, a hormonal state quite similar to that during menopause, with very low serum estradiol levels, 17 whereas the secretion of other pituitary hormones such as thyroid-stimulating hormone (TSH) and adrenocorticotropic hormone (ACTH)
is only affected to a minor extent. Once this state of down regulation of gonadal hormones has been reached, treatment with follicle-stimulating hormone (FSH)-analogues is initiated in order to stimulate follicle development and maturation, and steroidogenesis, in turn leading to a rapid increase in estradiol release while progesterone and luteinizing hormone (LH) levels are kept low. This set-up thus offers the possibility to study pain perception in relation to extreme changes in estradiol levels in the same individual. 4 While responses to some pain stimuli have been examined during IVF treatment previously, 31, 43 we here provide data from a comprehensive sensory testing protocol that examines different thin fiber modalities. We have employed a within-subject design to evaluate thresholds and tolerance to acute thermal pain, to pressure pain, and to tonic cold pain, at very low and very high serum levels of estradiol. Control groups with stable gonadal hormone levels were included to check for changes in the measured variables that may occur as a result of repeated measurements in the same individual.
Materials and methods

Subjects
Women undergoing IVF (n =16), were recruited from the gynecological clinic at Linköping University Hospital, Sweden. Their mean age was 33 years, spanning from 25 years to 41 years. Since this group of women had been thoroughly investigated prior to being accepted for IVF, the inclusion criteria to participate in the present study followed the criteria for suitability for IVF, i.a., a stable relation for the past two years, FSH levels below 11 IU/l and Body Mass Index < 30 kg/m 2 . The indication for IVF treatment was ovarian dysfunction (n = 3), male infertility (n = 1), "unknown" (n = 5), and combined female and male factors causing infertility (n = 7). In addition, patients with diabetes or other diseases that may influence the peripheral sensory nervous system were excluded. One of the included women suffered from a non-painful variant of Thomsen's disease (congenital myotonia) and one suffered from ulcerous colitis. No intake of analgesics was allowed within 24 hours before testing.
The primary topic of the present study was to evaluate the hormonal influence on pain in a within-subject design. The sample size was calculated for a significance level of 0.05 with 85% power based on differences previously found in response to hormone replacement therapy in a pilot study where the same testing paradigm was used (Stening et al, 1999 , data not published). However, since we and others have shown that quantitative sensory methodology is sensitive to session-to session effects 39 (see below), two control groups were recruited using the same inclusion and exclusion criteria as above (when relevant) to control for such session-to-session effects. The first consisted of 10 healthy men aged 21 to 38 (mean age 25), recruited among students and staff at Linköping University. The second consisted of 9 healthy women aged 20 to 24 5 (mean age 21) using monophasic oral contraceptives, which give rise to continuously low levels of endogenous estradiol as well as progesterone. They were recruited among students at the Linnaeus University, Kalmar. While this group is younger than that undergoing IVF (it was not feasible to obtain an age-matched control group on monophasic oral contraceptives), there is no evidence that QST-recordings differ significantly with age within the age-span of 20-40 years. 28 
Equipment and test set-up
In each session, QST was first used to measure thermal perception thresholds (to assure that the participants had normal temperature sensitivity), and then heat and cold pain thresholds, heat pain tolerance, and pressure pain threshold, followed by a cold pressor test to measure the tolerance time to tonic pain. These variables were considered to be of primary importance. In addition, but considered to be of secondary importance, VAS ratings were performed to estimate perceived pain during the heat pain tolerance test, and during and after the cold pressor test. The different methods of testing are described separately in detail below. Each session took approximately 50 min in total to perform.
Temperature and pain thresholds were measured using a 2.5 x 5 cm peltier element-based thermode (Thermotest; Somedic, Hörby, Sweden) connected to a standard IBM computer. The thermode was applied to the thenar region of the right hand. The thenar region was chosen because QSTs on this site have shown small interindividual variation. 15 Thenar region measurements have been shown to accurately reflect overall pain sensitivity with high method sensitivity and reproducibility. 37, 38 To measure the thermal perception threshold, done according to the method of limits, 37 four cold stimuli followed by four warm stimuli (starting at 32 ± 0.5°C; and with stimulus rate of 1°C/s) were given with a randomized inter-stimulus interval of 4-6 s, the latter with the purpose of avoiding habituation by the test subjects. The subject was instructed to press a cut-off button as soon as she/he perceived the sensation of heat or cold, respectively. The average of the difference between the heat and cold perception thresholds was then calculated, and considered to represent the thermal perception threshold. 6 To determine cold pain threshold, five cold stimuli, starting from 32 ± 0.5°C with a cut-off temperature of +2°C, were given at a randomized inter-stimulus interval of 4-6 s (stimulus rate 1°C/s). The subject was instructed to press the cut-off button immediately when the cold sensation was perceived as painful. The first recording was excluded and the average value was calculated from the four following recordings. Heat pain threshold was measured using the same strategy. Ten heat stimuli, starting at 32 ± 0.5°C with a cut-off temperature of +52°C were given at a randomized inter-stimulus interval of 4-6 s (stimulus rate 1°C/s). The subject was instructed to press the cut-off button when the heat sensation was perceived as painful. The average value of the recordings was calculated.
A supra-threshold test for heat pain tolerance was then performed. Four stimuli were given, starting at 32 ± 0.5°C (stimulus rate 3°C/s) with a cut-off temperature of +52°C and with an inter-stimulus interval of 4-6 s. The subject was instructed to press the button when the pain sensation was intolerable; the average value of the four stimuli was used as a measure of heat pain tolerance. Immediately after the four heat stimuli the subject was asked to rate her/his perceived intensity of induced pain on a 100 mm visual analogue scale (VAS)-instrument anchored by "no pain" on the left and "worst possible pain" on the right.
Following the thermal tests described above, pressure pain thresholds were determined using a pressure algometer (Somedic). A 1 cm probe was applied perpendicular to the skin and pressed with an increasing force rate of 50 kPa/s until the subject verbally reported pressure to be painful. The pressure pain threshold was defined bilaterally at four of the 18 tender points used in the diagnosis of fibromyalgia:
(i) the midpoint of the upper border of the trapezius muscle; (ii) 2 cm distal to the lateral epicondyle of the elbow; (iii) the upper outer quadrant of the gluteal region; and (iv) the medial fat pad proximal to the knee joint line. 46 These four points cover both axial and distal parts of the body as well as each body quadrant when measured bilaterally. Three stimuli were applied on each site with an inter-stimulus interval of 2 min. The mean value of three stimuli was considered the pressure pain threshold. During measurements, no significant side differences were seen and data from the left and right side were therefore pooled before further statistical analysis of pressure pain thresholds. 7 To study the response to tonic pain, a modified cold pressor test was used. This test was chosen above other tonic pain tests such as compression-induced ischemia due to the higher degree of subject control and better test-retest reliability. 11 The subject's left hand was immersed down to the wrist in a water tub (2.8 l) filled with ice-chilled water (1.5 ± 0.5°C). The temperature in the tub was monitored with a steel probe digital thermometer (VEE GEE Scientific, Kirkland, WA, USA) and never reached above 2°C.
To avoid warming of the water next to the skin, an air-driven pump was used to induce circulation in the water tub. The subject was instructed to hold her/his left hand in the ice water as long as possible, or until the cut-off limit of 300 s was reached. Throughout the cold pressor test, the subject continuously graded the perceived pain sensation using a computerized VAS-rating system (Pain-Test; Archebyte, Kalmar, Sweden) with a screen showing a line marked "no pain" on the left and "worst possible pain" on the right. The following outcomes were measured: 1) activation time (the time point at which the subject reached a VAS rating level of 30 out of 100, considered to represent the transition between mild and moderate pain 16 ); 2) tolerance time (the time period the subject managed to keep her hand immersed in the water); and 3) maximum VAS rating level (the maximum VAS rating level that occurred during the two sessions at a given time point). These recordings were followed by a post-stimulus rating, performed 30 s after the participants had withdrawn their hand, using the manual 100-mm VAS instrument described above. The participants were asked to rate their actual pain sensation at that time.
Hormonal treatment during IVF
The subjects followed the standard regimen for IVF at Linköping University Hospital.
This regimen is highly individualized when it comes to the drug of choice as well as the dose given, and subsequent dose adjustments are made based on the response to treatment in each patient. Therefore, drug generics and doses typically vary.
Nevertheless, the principle of treatment was the same in all patients. 
Test procedure
QST-sessions, as described above, were carried out twice in all study groups. Among the women undergoing IVF, the first session was performed at the termination of the down-regulation phase. On the same day, following QST, all women were instructed to start follicle-stimulating treatment. The women were then followed by ultrasound to see follicle development, and by blood samples measuring 17β-estradiol levels to verify the effect of the FSH stimulation. Serum concentrations of 17ß-estradiol were determined by immunoassay (Cobas e 602; Roche, Basel, Switzerland). In the control group with women using monophasic contraceptives, serum progesterone was analyzed using immunoassay (Immulite 2500; Siemens, Eschborn, Germany). The second QSTsession was carried out prior to oocyte retrieval, in average 12 days (varying between 8 and 19 days) after the first session. The control group of men was tested with an interval of 15 days between sessions (range 14 to 23 days), while the group of women using contraceptives underwent testing with an interval of 12 days between sessions (8-16 9 days). All tests on the two groups of women (IVF and control) were carried out by the same investigator, using the same equipment, but at two different locations. The tests on the control group of men were carried out by a second investigator, but with the same equipment as for the two other groups, and at the same location as for the IVF group.
The study was approved by the regional ethics committee in Linköping, Sweden, and adheres to the principles of the Declaration of Helsinki. All subjects gave their written as well as oral consent to participate. They were informed that they could discontinue the study whenever they wanted and without giving any reason for their decision.
Statistical analyses
All statistical analyses were performed using MiniTab, version 16 (Minitab Inc., State
Collage, PA, USA) and SPSS, version 17 (IBM, Chicago, IL, USA). An Analysis of Variance (ANOVA) was used in which "Group" and "Session" were fixed factors and "Person" was a random factor nested within group. Further, an interaction between "Group" and "Session" was also included in the model. For the subsequent comparisons, Student's paired t-test was used to compare sessions within group; Student's independent samples t-test was used to compare pairs of groups within sessions and changes across sessions between pairs of groups; and linear regression was used to compare changes across sessions between the treatment group and the mean of the two control groups. Correlation analysis was also performed using Pearson correlation between hormonal level and the outcomes from the QSTs.
All data are presented as mean and standard deviation. Statistical significance was set to P < 0.05.
Results
As expected, serum levels of 17-estradiol differed greatly between test sessions. Thus, the down-regulation of the HPG-axis by GnRH-analogues resulted in serum 17-estradiol levels of in average 66 (SD = 26) pmol/l, ranging between 44-140 pmol/l.
Subsequent treatment with FSH analogues resulted in estradiol levels of 5188 (SD = 2524) pmol/l, ranging between 2040 and 10200 pmol/l. No significant differences in 17-estradiol levels were seen between the three different FSH-analogues used. The 10 estradiol levels during the up-regulation phase thus clearly exceeded the upper limit of the physiological ovulatory peak of 1626 pmol/l. 26 The hormonal levels in the control group of women using monophasic oral contraceptives were constantly low at both occasions as expected. Serum 17-estradiol levels were on average 47.6 (SD = 6.7)
pmol/l with a range of 44-64 pmol/l at the first session and 47.3 (SD = 8) pmol/l with a range of 44-60 pmol/l at the second session. The corresponding values for serum progesterone was 1.1 (SD = 0.3) nmol/l and <1 nmol/l, respectively.
Data for the QST measurements are given in Tables 1-3 . As seen in Table 1 , for many variables there was no Group effect or Session effect, indicating no difference between the examined groups or between sessions, respectively. This was the case for all pressure pain measurements as well as for heat pain threshold and the maximal VAS recording following the cold pressor test. Significant Session effects were seen for two variables only, namely thermal perception threshold (P < 0.03), and cold pain threshold (P < 0.004). The thermal perception threshold also showed a significant Group x Session effect, indicating that the Session effect was not present in all groups.
Subsequent pair-wise comparison on the IVF sample (Table 2) , showed significantly reduced thermal discrimination during the up-regulation phase (P = 0.003), an effect that was not seen in the two control groups (Table 3) . A comparison of the change in thermal perception threshold between sessions that occurred in the IVF-group, with the session-to-session change that was seen in the two control groups, showed a statistically significant difference vs. the control group of men (P = 0.006), and vs. a weighted mean of the change in the two control groups (P = 0.02), but not vs. the control group of women (P = 0.23). These data hence indicate a hormonal effect on thermal perception threshold.
While cold pain threshold showed a strong session effect, there was no Group effect or Group x Session effect (Table 1) . Accordingly, while cold pain threshold changed significantly in the IVF-group (P = 0.04), from 11.5°C at the first session to 14.5°C at the second session (Table 2) , similar, although statistically not significant, changes between sessions were also seen in both control groups (Table 3) . When the change between the two sessions observed in the IVF-group was compared with the change that occurred in the control groups, no statistically significant differences were found (P = 0.47 vs. the control group of men; P = 0.85 vs. the control group of women; 11 and P = 0.75 vs. both control groups). These data indicate that the effect seen was due to the repeated measurement design.
For some of the variables, such as heat pain tolerance and activation and tolerance time in the cold pressor test, as well as the pain rating subsequent to the cold pressor test, there were significant group effects. Subsequent analysis showed that most of these group effects could be ascribed to sex differences (see Table 3 ). Thus, at both sessions the control group of women displayed significantly lower heat pain tolerance than the control group of men, P = 0.004 and P = 0 .006, respectively), as well as shorter tolerance time (P = 0.06 and P = 0.05) and higher after sensation VAS rating (P = 0.003 and P = 0.001) in the cold pressor test.
Finally, the data were analyzed with respect to the relationship between serum estradiol levels and the measured QST outcome in the IVF treated group. During the down regulation phase serum estradiol levels were low throughout, displaying little ingroup variation (see above), and no significant correlations were hence seen (data not shown). While the up regulation phase displayed a much larger variation in serum estradiol levels (see above), for all QST outcomes but cold pain threshold, no statistically significant correlation to serum estradiol levels was seen (Table 4) . For cold pain threshold, however, there was a moderate negative correlation between this variable and serum estradiol level (r = -0.55, P = 0.02).
Discussion
In the present study a comprehensive set of quantitative sensory tests was performed in women undergoing IVF, an experimental set-up offering the possibility to study different aspects of pain perception and tolerance at highly different 17-estradiol levels. In contrast to the abundant reports from animal studies of gonadal steroid hormone influence on pain, 9,29 no measurable effects were seen despite the major variations in serum 17β-estradiol induced by the IVF-treatment. The only unambiguous exception, which was not related to pain, was the thermal perception threshold, which was reduced in the up-regulation phase during which 17-estradiol levels were high. It remains to be clarified whether the reduced thermal discrimination results from hormonal modulation of the processing of thermal stimuli in the central somatosensory 12 pathways or if it is related to peripheral factors such as minimal changes in skin thickness or increased vascular blood flow.
While cold pain threshold also showed a difference between the test sessions, this difference may not have been due to changes in hormone levels, but a result of the test situation. Although the semi-objective methods used in the QST measurements have high method sensitivity and reproducibility in healthy adults, 30, 38 session-tosession effects must always be taken into account when interpreting the data. These session-to-session effects are a well-known confounder in semi-objective psychophysical methods such as QST and are due to the fact that subjects get used to the test situation and therefore tend to be more alert at the following session, in turn resulting in modified thresholds and tolerance time over time. 30 In the present study, two different control groups were included to control for session-to-session effects. In these control groups, a slight, although statistically non-significant, difference was seen in the cold pain threshold with lower thresholds at the second test session. Statistical analysis showed that the change observed for the cold pain threshold in the IVF-group did not differ significantly from the changes that occurred between sessions in the control groups, suggesting that it was a session-to-session effect. Notably cold pain threshold measures are also known to have a higher degree of variability than other QST parameters. 30 However, because a moderate negative correlation was seen between the cold pain threshold, but no other variable, and serum estradiol levels during the up regulation phase (i.e. in the opposite direction to that seen between sessions), it remains possible that the cold pain threshold is influenced by estradiol, although within a much smaller range of serum estradiol level changes than that elicited by IVF-treatment.
The use of IVF patients as test subjects provides a unique possibility to study changes associated with estradiol levels ranging from the very low, menopause-like state to supra-physiological levels in the same individual within a short period of time.
However, one possible limitation associated with studies that involve subjects undergoing IVF is that anxiety and stress may contribute to changes in pain perception. 21, 35 Not surprisingly, infertility is associated with increased levels of stress, anxiety and depression, 10, 23 suggesting that any effects attributed to estradiol changes in fact may be related to reduced coping/cooperation or increased sensitivity due to the different biological effects of long-term stress. Still, Verhaak et al., 44 reviewing 25 years 13 of research on emotional reactions in women undergoing IVF treatment, found that subjects in the treatment phase, i.e. at the time when the QST sessions were carried out in this study, displayed a lesser amount of anxiety and depression than expected.
Nevertheless, anxiety and stress related to infertility may have influenced the present findings, since thresholds in the IVF group were generally lower than in the control group of women (cf . Tables 2 and 3) , a difference that cannot be explained by the difference in mean age between the two groups. 28 However, the clinical significance of this difference remains unclear.
To our knowledge, only two previous studies, Tsen et al., 43 and Nisenblat et al., 31 have used IVF patients to evaluate the hormonal influence on the sensation of pain. Both these studies had a larger sample size but neither of them included a control group, thereby leaving the possibility that their results may have been due to session-tosession effects or other factors such as anxiety and stress at the time of oocyte retrieval.
Tsen et al. 43 employed two pain tests: pressure algometry and ice water immersion (comparable to the activation time measure in our study). Similar to our results, no differences were noted in the response to pressure algometry, but a significant difference was noted for the ice water immersion test, with a reduction in the tolerance to cold pain when estrogen levels were high. A similar reduction in cold pain threshold was found in the present study, however, as discussed above, it may have been due to a session-to-session effect, and the same concern may be raised also vis-à-vis the finding in the study by Tsen et al. 43 Nisenblat et al. 31 used a thermode to study heat pain threshold and perceived pain intensity in response to phasic (stimulus duration 1 s) and tonic (stimulus duration 60 s) supra-threshold heat pain. No significant changes across sessions were seen for any of these measures, but a positive correlation between estradiol levels and pain scores were seen during the up-regulation phase. Neither of the mentioned studies measured thermal discrimination, the only measure that clearly differed in the present study.
The concept that 17-estradiol affects pain processing is appealing and there are strong morphological and neurophysiological evidence in support for this hypothesis. [1] [2] [3] [4] 6, 9, 29 Nevertheless, the underlying networks are complex and the results of studies on hormonal pain modulation in humans, particularly those using laboratory induced pain, 14 remain notoriously diverse. 5, 19, 20, 24, 25, 34, 39, 41 The clinical studies performed are generally based on a hormonal replacement therapy regimen. Some have reported an alleviating effect on muscular pain, 14, 18 but when the effect of estrogen vs. a combination of estrogen and progesterone was examined, only the latter reduced pain symptoms.
14 However, fibromyalgia-like symptoms have been reported to be elicited both by rapid withdrawal of hormonal replacement therapy, 22, 32 and by treatment with GnRHanalogues that reduce estrogen levels. 42 In contrast, however, in a recent double-blind study we found that hormonal-replacement therapy did not affect subjective pain (or experimental pain responses) in women suffering from chronic muscular pain, and no changes in pain were reported by the patients after the cessation of treatment either. 40 In the present study, we have examined all major thin fiber sensory modalities at the very extremes of estradiol levels, thereby optimizing the possibility to discern significant effects of estradiol. Even so, no measurable changes in pain perception that could be (2, 32) 5.26 (1, 32) 4.46 (2, 32) (2, 32) 9.69 (1, 32) 0.30 (2, 32) (2, 32) 1.07 (1, 32) 0.05 (2, 32) (2, 32) 0.10 (1, 32) 0.34 (2, 32) 0.005 0.75
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Heat pain tolerance, VAS (mm) Group Session Group x Session 10.7 (2, 32) 0.09 (1, 32) 0.12 (2, 32) 0.000 0.77
Pressure pain, trapezius (kPa) Group
Session Group x Session 0.30 (2, 32) 0.24 (1, 32) 0.79 (2, 32) (2, 32) 0.81 (1, 32) 0.19 (2, 32) 0.98 0.37
0.82
Pressure pain, gluteal (kPa) Group Session Group x Session 0.31 (2, 32) 0.73 (1, 32) 0.72 (2, 32) 0.73 0.39
0.49
Pressure pain, knee pad (kPa) Group 1.59 (2, 32) 0.21 21 
Session
Group x Session 0.05 (1, 32) 0.59 (2, 32) 2.06 (1, 32) 0.64 (2, 32) (2, 32) 0.32 (1, 32) 0.81 (2, 32) 0.27 0.57 0.45
CPT, post-stimulation VAS (mm) Group
Session Group x Session 6.25 (2, 32) 2.1 (1, 32) 0.60 (2, 32) 
